Abstract-Histotripsy therapy produces cavitating bubble clouds to increasingly fractionate and eventually liquefy tissue using high-intensity ultrasound pulses. Following cavitation generated by each pulse, coherent motion of the cavitation residual nuclei can be detected using metrics formed from ultrasound color Doppler acquisitions. In this paper, three experiments were performed to investigate the characteristics of this motion as real-time feedback on histotripsy tissue fractionation. In the first experiment, bubble-induced color Doppler (BCD) and particle image velocimetry (PIV) analysis monitored the residual cavitation nuclei in the treatment region in an agarose tissue phantom treated with two-cycle histotripsy pulses at >30 MPa using a 500-kHz transducer. Both BCD and PIV results showed brief chaotic motion of the residual nuclei followed by coherent motion first moving away from the transducer and then rebounding back. Velocity measurements from both PIV and BCD agreed well, showing a monotonic increase in rebound time up to a saturation point for increased therapy dose. In a second experiment, a thin layer of red blood cells (RBC) was added to the phantom to allow quantification of the fractionation of the RBC layer to compare with BCD metrics. A strong linear correlation was observed between the fractionation level and the time to BCD peak rebound velocity over histotripsy treatment. Finally, the correlation between BCD feedback and histotripsy tissue fractionation was validated in ex vivo porcine liver evaluated histologically. BCD metrics showed strong linear correlation with fractionation progression, suggesting that BCD provides useful quantitative real-time feedback on histotripsy treatment progression.
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I. INTRODUCTION
H ISTOTRIPSY creates tissue fractionation by initiating and controlling a cloud of cavitating bubbles using short, high-pressure ultrasound pulses [1] - [3] . These bubbles fractionate a portion of the tissue in the therapy focus with each pulse, eventually reducing the target tissue to a liquid acellular homogenate after a sufficient number of pulses have been applied. Histotripsy has been investigated as a potential treatment for benign prostatic hyperplasia [4] , deep venous thrombosis [5] , urinary calculi [6] , liver tumors [7] , several congenital heart diseases [8] , and transcranial applications [9] .
Real-time imaging feedback during minimally invasive or noninvasive ablation therapy is essential for ensuring efficient and thorough treatment of the target tissue. The fractionation induced by histotripsy appears as a hypo-echoic zone on B-mode ultrasound images, resulting from the backscatter amplitude reduction due to reduced number and size of scatters [10] . However, this is only observed when substantial tissue fractionation is generated, and the level of reduction corresponding to treatment completion varies significantly across subjects [11] . Magnetic resonance (MR) imaging has also been investigated and histotripsy lesions can be shown on standard T1-or T2-weighted images [12] . MR is sensitive to histotripsyinduced tissue damage, as T2-weighted images show apparent changes after only a few therapy pulses have been applied. The high cost of MR imaging systems, the slower frame rate, and the requirement for MR compatible ultrasound therapy transducers are potential limiting factors.
Elastography has also been explored to monitor histotripsy therapy, as histotripsy fractionation results in increasingly softer tissue. With comparatively low cost and ease of integration, ultrasound elastography [13] - [19] is an attractive choice for histotripsy feedback. Ultrasound elastography has been widely investigated for tissue delineation because the high contrast in the elasticity between normal and diseased tissues allows higher specificity and sensitivity for disease diagnosis [20] - [22] . Wang et al. ' s [23] work has demonstrated that shearwave elastography is more sensitive at detecting early-stage histotripsy fractionation compared to echogenicity decrease. However, in that work, to measure a shear-wave velocity reliably, the treatment needs to be halted temporally to allow the application of additional push pulses and the measurements of shear-wave velocity. Also, as shear waves do not propagate through liquid, sensitivity is reduced as the tissue is increasingly fractionated.
Color Doppler imaging synchronized with histotripsy pulses has been observed to detect what appeared to be motion in the focal volume along the ultrasound propagation direction immediately after the histotripsy pulse arrives at the focus (Fig. 1) . As recent studies have shown that Doppler signals can be attributed to cavitation dynamics in situations like this [24] , [25] , we first Fig. 1 . Color Doppler overlaid on B-mode images during a histotripsy treatment of ex vivo porcine liver. The coherent motion in the focal region was first away from the therapy transducer, then rebounds back toward the transducer, and then oscillates between away from and toward the transducer. The delay time between the color Doppler imaging pulses and the therapy pulses was selected to purposely capture the rebound motion toward the therapy transducer at the start of treatment (left), which turns to the push motion away from the transducer with the same delay time later in the treatment (right).
set to investigate the source of this bubble-induced motion. The velocity detected at a fixed delay after the histotripsy pulses was observed to change in magnitude and even direction over the course of histotripsy therapy. This motion is only detectable when a cavitation bubble cloud is formed, and therefore we termed it bubble-induced motion. This motion can last over 20 ms after each histotripsy pulse. We hypothesize that this detected signal is the motion of residual cavitation nuclei resulting from the rapid, asymmetric expansion and/or collapse of cavitation bubbles in the focal region, which depends on the force applied by the bubble expansion and collapse as well as the mechanical properties of the tissue in the focal region containing the residual cavitation nuclei. Motion of the residual bubble nuclei following histotripsy has been observed previously [26] . As the tissue is increasingly fractionated by histotripsy, the motion of the residual cavitation nuclei lasts longer. We hypothesize that metrics of the changing bubbleinduced motion over the course of histotripsy therapy may be directly correlated with fractionation progression, which can be detected by ultrasound color Doppler in real time during the histotripsy treatment. The residual cavitation nuclei can persist for over 100 ms after the cloud collapse [27] and provide strong acoustic scattering for Doppler acquisitions of bubble-induced motion in the treatment focal region [25] . The increased signal from these residual bubbles grants increased signal-to-noise ratio in the focal region, allowing more aggressive filtering to reduce clutter and other noise in the images. This paper characterizes the bubble-induced motion during the histotripsy treatment and correlates the bubble-induced color Doppler (BCD) feedback to the degree of tissue fractionation generated by histotripsy. Three experiments were performed. First, the bubble-induced motion was investigated and characterized using particle image velocimetry (PIV). The motion in the treatment focal region after each histotripsy therapy pulse was generated in transparent tissue-mimicking agarose phantoms where cavitation bubbles and residual nuclei are the only source of contrast for PIV. The profiles of the PIV and Doppler velocity were collected simultaneously and compared over the course of the entire histotripsy treatment to investigate the source of the Doppler signal and characterize the bubble-induced motion. Similar comparison between color Doppler and optical PIV has shown good agreement in velocity measurements [28] . Second, a metric capturing the change in the temporal profile of the BCD is correlated with the level of fractionation generated in tissue-mimicking phantoms over the course of the histotripsy treatment. Finally, the same BCD acquisitions were performed in treatments of ex vivo porcine liver tissue to validate this correlation in real tissue. To evaluate the potential of using BCD feedback for real-time histotripsy monitoring, we also investigated an additional metric to quantify the change in the temporal profile of the bubbleinduced motion that can be measured and processed during the histotripsy treatment.
II. METHODS

A. General Methods
1) Histotripsy Therapy:
Histotripsy therapy pulses of two cycles in the duration at >30-MPa peak negative pressure were applied over a 6-mm cube using a 500-kHz phased array transducer built in-house. The transducer is comprised of 32 elements with 50 mm diameter mounted confocally on a 15-cm hemispherical shell, resulting in an array with 15-cm focal length and 30-cm aperture. The acoustic output pressure waveform of the therapy transducer was measured using a fiber optic probe hydrophone (FOPH) up to 20 MPa [29] as shown in Fig. 2 . At higher pressure levels, the acoustic output of the full aperture could not be directly measured due to cavitation at the fiber tip. The peak negative pressure was estimated by a linear summation (P(−) LS ) of the output focal p-values from individual transducer elements measured by a calibrated needle hydrophone (model HNR-0500, Onda Corp., Sunnyvale, CA). Each element generated 2.2-MPa peak negative pressure at the parameters used for this study, for a P(-)LS of about 70.4 MPa for the full aperture. This approximation assumes minimal nonlinear distortion of the waveform occurs within the focal region and probably overestimates the peak pressure. The array is driven by a custom-built 32-channel amplifier system that controls the driving amplitude and phase of each individual element. This transducer has a −6 dB beamwidth of 1.9 mm in the lateral dimension and 4 mm in the axial dimension.
To ensure uniform fractionation over the target volume, 219 focal points at 1-mm separations were treated sequentially at 150 Hz with a single pulse applied at each location. These focal locations were arranged into layers separated by 1 mm in the axial dimension, with alternating layers offset in both lateral dimensions from adjacent layers by half the lateral spacing (Fig. 3) . P(−) LS over this steering range was estimated to be at least 49.3 MPa. Treatment was applied starting with the layer farthest from the transducer and moving layer by layer toward the transducer. Individual foci within each layer were treated in random order. This treatment strategy provides complete coverage of the treatment area with fewer focal locations and less treatment overlap than a simple rectilinear scan due to the roughly ellipsoidal bubble cloud shape. This pulsing scheme (Fig. 4) was repeated every 1.5 s until all focal locations had been treated with up to 2000 pulses each. Using this pulsing strategy, all 219 foci are treated in parallel, at a constant rate of 0.67 Hz. This pulsing strategy guarantees uniform therapy dose over the treatment volume at all times during the treatment.
2) High-Speed Optical Imaging: High-speed optical images of the focal region were captured using a Phantom V210 high-speed camera with 135-mm macrolens on bellows with backlighting (Vision Research, Wayne, NJ, USA), providing a pixel resolution of approximately 8.6 µm and an optical depth of field larger than the 1.9-mm bubble cloud width. In experiments in transparent agarose phantoms, the bubble cloud and these residual bubble nuclei generated after the bubble cloud collapse at 250 µs are the only source of optical contrast in the images. At this resolution, a significant number of residual bubble nuclei could be resolved after cloud collapse, and the translational velocity of these bubble nuclei could be estimated by comparing successive images. The camera and backlight were positioned perpendicular to the therapy axis (Fig. 5) . The camera was set to capture either a single image per therapy pulse, or acquisition sets of 200 images at 10-kHz frame rate beginning immediately after the firing of a therapy pulse for a 20-ms total acquisition time, well within the 100+ ms lifetime of the residual bubble nuclei [27] . For the 200 image per pulse acquisition mode, the internal memory of the camera could only accommodate a total of 95 sets of 200 images, so to facilitate continuous treatment without interruptions for data transfer over a dose sufficient to completely fractionate the tissue phantom; acquisition sets were captured after every tenth pulse delivered to the center focal location for a total treatment of 941 therapy pulses.
3) Doppler Ultrasound Imaging: Ultrasound Doppler acquisitions were performed using a Verasonics imaging system (Redmond, WA, USA) with a 5-MHz linear imaging transducer (ATL HDI L7-4, Philips, Andover, MA, USA). The imaging transducer was positioned opposite the therapy transducer, aligned along the therapy axis approximately 40 mm from the therapy focus, i.e., the ultrasound imaging beam was rigidly aligned with the therapy beam to avoid the effect of angle variation on Doppler (Fig. 5) . The ultrasound imaging system was set to capture acquisition sets of 200 Doppler acquisitions at 10-kHz pulse repetition frequency (PRF) rate to estimate the motion in the focal region over a period of 20 ms after each therapy pulse delivered to the center location of the target volume, which covered the same time period of motion recorded simultaneously using PIV in experiments in transparent agarose phantoms. In those experiments, the phantom was observed to be homogeneous and dark on ultrasound imaging, resulting in the bubble cloud and residual bubble nuclei (after the bubble cloud collapse at 250 µs) generated by each histotripsy pulse and persisting for 100+ ms [27] being the only source of acoustic contrast in the ultrasound image. With these Doppler imaging parameters, a maximum velocity of 75 cm/s can be measured, high enough to avoid aliasing of the roughly 2 cm/s average velocities observed in preliminary experiments. Acquisition sets were captured after every pulse delivered to the center location, and therefore included Doppler acquisitions simultaneous to the optical images acquired after every tenth pulse for direct comparison.
B. Experiment 1-Bubble-Induced Motion Characterization Using PIV and Doppler
1) Agarose Tissue Phantom Preparation and Treatment:
To investigate the bubble-induced motion after each histotripsy pulse through the entire histotripsy treatment, experiments were performed in optically transparent agar tissue-mimicking phantoms. This phantom allowed simultaneous optical and acoustic interrogation of the focal volume for motion analysis during histotripsy treatment. Agar powder (AG-SP, Lab Scientific, Livingston, NJ, USA) was dissolved in heated distilled water at 1.5% concentration by mass. The solution was then degassed in a vacuum chamber and allowed to cool and solidify in an acrylonitrile butadiene styrene (ABS) plastic housing frame with thin polycarbonate walls. This results in a phantom with similar mechanical properties to tissue, but without embedded scatterers the attenuation and absorption are not comparable to real tissue. Three phantoms were treated at three locations each with 941 histotripsy pulses using the previously described methods and parameters, for a total of nine treatments. These treatments were monitored using the described optical and ultrasound imaging methods for PIV and Doppler velocity estimation. In this experiment, 200 optical images were acquired at 10-kHz frame rate after every tenth therapy pulse for PIV analysis. The high-speed camera memory could only accommodate 95 sets of 200 images; thus, treatment was limited to 941 pulses, which was more than sufficient to completely fractionate the target volume. In these images, the bubble cloud collapsed after roughly 250 µs, leaving behind residual bubble nuclei as the only source of optical contrast in the images. Doppler data sets of 200 acquisitions were collected at 10-kHz frame rate after every therapy pulse. Similarly, after the bubble cloud collapsed, residual bubble nuclei were the only source of acoustic contrast in the phantom.
2) PIV Velocity Estimation: The high-speed optical images of the focal region were processed using the freely available PIVlab package (v1.32, Thielicke and Stamhuis, Bremen University of Applied Sciences, Germany) for MATLAB to estimate the residual bubble motion resulting from the histotripsy therapy pulses. The PIV analysis was performed in a roughly 6.6 × 3.3 mm field of view at a resolution of 116 pixels per mm (total 768 × 384 pixels). The images were processed in pairs at two subsequent time points using a FFT window deformation algorithm with 3-pass velocity estimation with image block sizes and step sizes of 64/32 pixels for pass 1, 32/16 pixels for pass 2, and 16/8 pixels for pass 3. This processing resulted in velocity field maps of the field of view over the 19 ms after a histotripsy therapy pulse. The axial components of these PIV velocity maps were then spatially averaged over the 2 × 4 mm bubble cloud area, and temporally averaged over a 1-ms rolling window to produce an average velocity estimate in the focal region over time to compare with that measured by color Doppler simultaneously. As the optical images have higher resolution than the acoustic images, the residual bubble motion estimated from PIV is considered the benchmark that we can use to assess the accuracy of the Doppler velocity estimation.
3) Doppler Velocity Estimation: The ultrasound Doppler acquisitions were processed offline using the Doppler processing algorithm included in the Verasonics imaging system. To calculate the velocity over the 19 ms after the therapy pulse, the 200 acquisitions were processed in rolling 10 acquisition segments (equivalent to making 190 separate 10 frame acquisitions at 10-kHz PRF with delay times of integer multiples of 100 ns after each histotrispy pulse). These Doppler velocity maps were then spatially averaged over the 2 × 4 mm bubble cloud area to produce the final average velocity estimate over time. The motion profiles as measured by color Doppler can then be compared to those measured by PIV interrogation to determine if color Doppler acquisitions can provide an accurate measure of histotripsy bubble cloud-induced motion.
From both the PIV and Doppler datasets, a metric was extracted to capture the changes in the temporal profile of the bubble-induced motion over the course of therapy into a single number. The metric used is the time to peak rebound velocity (t PRV ), which was computed by calculating the time of the highest magnitude negative velocity after each therapy pulse. This metric was computed from both the PIV and color Doppler velocity measurements for comparison.
C. Experiment 2-Correlate BCD with Histotripsy-Induced Fractionation in Agarose Tissue Phantom 1) Damage-Indicating Agarose Phantom Preparation and Treatment:
The purpose of using this phantom is to provide a quantifiable damage indicator of histotripsy tissue fractionation to correlate with a feedback metric extracted from the BCD velocity estimations. Tissue-mimicking agarose gel phantoms embedded with a thin layer of red blood cells (RBC) have been shown to indicate the level of cavitation-induced fractionation, where the RBC area turns from opaque red to translucent pink as the RBCs are fractionated and can be visualized directly during the treatment [30] . To form the three-layer phantom, agar powder was dissolved in heated, phosphate-buffered saline solution at 1.5% concentration by mass. This solution was degassed and poured to half-fill the same ABS housing with thin polycarbonate walls used in the previous experiment. This was allowed to solidify to form a bottom layer of transparent agarose. RBC were then added to small amount of agarose solution at 5% concentration by mass. This was then poured onto the base layer of transparent agarose in an approximately 1-mm-thick layer and allowed to solidify. Finally, a top layer of transparent agarose was added to fill the housing and fully contain the RBC layer in a large tissue-mimicking phantom.
The BCD and PIV setup was identical to the previous experiment, with color Doppler and optical interrogations performed following the therapy pulse delivered to center focal location after each full treatment of the therapy volume. In this case, however, only a single optical image was captured per therapy pulse. The phantom was positioned with the RBC layer parallel to the therapy propagation and perpendicular to the high-speed imaging to visualize the lesion development over the course of therapy. Four phantoms were treated at 3 locations each with 1000 histotripsy pulses each using the previously described methods and parameters, for a total of 12 treatments.
2) Fractionation Progress Estimation: From images of this lesion progression, we created a reference metric of fractionation progression and used it to correlate with the t PRV BCD feedback metric. To compute this reference metric, an approximately 4-mm square region of interest was chosen in the center of the treated region and the average pixel intensity was computed over the treatment course. The RBC layer allows more light to pass through as it is increasingly fractionated, eventually becoming completely transparent when all cells in the layer have been destroyed. The mean lesion intensity (MLI) in the region of interest can therefore directly measure the fractionation progression in that region and serve as a reference metric of fractionation progression. This metric was computed for the 12 treatments and correlated to the fractionation metric extracted from the BCD feedback (t PRV ) to determine its sensitivity in detecting histotripsy fractionation damage in the RBC tissue phantom.
D. Experiment 3-Validate BCD in Ex Vivo Porcine Liver
A final experiment was conducted in ex vivo porcine liver to validate the BCD feedback in real tissue. Doppler data were collected throughout each histotripsy treatment. Ex vivo porcine liver samples were treated with different therapy doses (i.e., number of therapy pulses), with three samples per dose. The treated tissue was processed for histological analysis, and the degree of tissue fractionation corresponding to a therapy dose was assessed by counting the percentage of intact cell nuclei within the treatment region as described below. The t PRV metric was computed for these datasets as described earlier. An alternative metric, the fixed delay focal mean velocity (V t_delay ), was also computed from the synchronized delayed color Doppler acquisitions. Specifically, the mean Doppler velocity over a 1-ms window (10 Doppler pulse acquisitions) at a delay of 14.3 ms from the therapy pulse was computed over the 1000 pulse treatments. The V t_delay can be computed at higher frame rates, and would therefore be useful for applications requiring faster treatment pulsing rates. Both t PRV and V t_delay were correlated with the level of tissue fractionation evaluated histologically.
1) Tissue Preparation:
Freshly excised porcine liver tissue was acquired from a local supplier, preserved in normal saline at 4
• C, and used within 24 h of harvest. Prior to treatment, the liver was sectioned into approximately 5-cm cube sections. The sections were placed in degassed saline (less than 20% of normal saturation determined by pO2) at room temperature for at least 1 h to allow for equilibration of the temperature and gas concentration. The liver sections were then embedded in 1% agarose in the same ABS framed, polycarbonate walled housing used in the previous experiments.
2) Ex Vivo Tissue Treatment:
Lesions were created in the liver samples with 50, 200, 500, 1000, or 2000 pulses per treatment location using the previously described histotripsy setup and therapy parameters. A total of 15 samples were treated, with a sample size of 3 for each number of therapy pulses. The ultrasound imaging setup was identical to the previous experiments, with color Doppler interrogations performed following the therapy pulse delivered to center focal location after each full treatment of the therapy volume. The same treatment process used for the agarose phantom treatments, and explained above, was repeated until all focal locations had been treated with the prescribed therapy dose. The BCD acquisitions were processed identically to the previous experiments to produce a velocity progression over the course of histotripsy therapy.
3) Assessment of Degree of Tissue Fractionation: The degree of tissue fractionation was assessed for the lesions produced in the liver samples via histology. The liver sections were fixed in 10% neutral buffered formalin and processed for hematoxylin and eosin (H&E) staining. Histological sections 5 µm thick were made at 500 µm intervals through the lesion with slices oriented in parallel with the ultrasound imaging plane. The degree of tissue fractionation was evaluated with the percentage of structurally intact cell nuclei remaining in the lesions. This percentage was calculated using the method described in [11] , and summarized here. The number of structurally intact cell nuclei was counted in five 320 × 240 µm regions near the center of the lesion, or in an untreated control region. An average count was obtained from the five counts. The average count for the lesion was then divided by that for the control, producing the percentage of nuclei remaining (PNR) metric. This metric was then compared to the fractionation metrics extracted from the BCD feedback (t PRV or V t_delay ) to determine its sensitivity in detecting histotripsy fractionation damage in tissue.
III. RESULTS
A. Experiment 1-Bubble-Induced Motion Characterization Using PIV and Color Doppler
Following each histotripsy pulse, a cavitation bubble cloud was generated immediately and collapsed within 300 µs. Residual bubble nuclei persisted after the cavitation collapse and were clearly visible in high-speed optical images of the focal region taken during the 20 ms after each histotripsy therapy pulse. An estimation of how closely these residual nuclei followed the flow for PIV analysis of the bubble-induced motion can be made using the particle Stokes number given in (1), [31] . When S t < 0.1, the particle gravity is negligible and the particle motion represents the fluid behavior well [32] 
where τ p is the relaxation time of tracer particle and τ f is the characteristic time of fluid, which are given by (2) and (3) Using the density of air for the particle (ρ p = 1.29 kg/m 3 ), the density of intact agarose for an upper bound of the liquid (ρ l = 1040 kg/m 3 ), the maximum observed residual bubble diameter (d p = 5 · 10 −5 m), the viscosity of water as a lower bound (µ l = 8.9 · 10 −4 Pa·s), a characteristic length on the order of the focal zone size (L = 1 mm), and maximum velocity (U l = 0.1 m/s), we have an upper bound of S t = 0.0081. This indicates that the residual bubbles observed in the highspeed images will closely follow the liquid flow in the fractionated gel, and can be used as contrast particles for PIV analysis.
PIV velocity maps showed two phases of motion during the 20 ms after a histotripsy therapy pulse. For up to the first 2 ms, chaotic motion was present, where the motion was pointed in all directions in a random manner through this period and was inconsistent from pulse to pulse. This chaotic motion phase likely resulted from the violent activity of the cavitation bubble cloud collapse. After this chaotic motion subsides, a coherent motion along the direction of the therapy ultrasound beam was visible. The coherent motion was first moving away from the therapy transducer, and then rebounding back toward the therapy transducer and oscillating. Fig. 6 shows images of an example progression of the focal region PIV velocity map after the tissue had been treated with 50 histotripsy pulses. The therapy pulse propagated from right to left in these images.
Three treatments of 941 pulses were performed in each of the agarose tissue phantoms, with the bubble-induced motion following the histotripsy pulses monitored using the PIV and color Doppler methods described. Velocity maps collected using both methods show a similar trend, with brief chaotic motion followed by push and rebound motion. Chaotic motion was evident in the Doppler acquisitions as high dispersion in the color Doppler signals. This trend remained the same as the treatment progressed. The duration of these push and rebound motions were observed to increase over the course of histotripsy therapy as the tissue phantom was increasingly fractionated, eventually saturating, likely because the phantom was completely fractionated to liquefied homogenate. The average velocity progression is shown in Fig. 7 for both PIV and BCD methods. The estimated velocity is shown in color (red is away from therapy transducer and blue is toward the therapy transducer) versus the time delay from the onset of the therapy pulse (y-axis) and the number of therapy pulses (x-axis). Both profiles are shown over the same limited velocity range (−1 cm/s to 1 cm/s) to allow more easy comparison of the changes over the course of treatment.
For further comparison of the bubble-induced velocity estimated using PIV versus color Doppler for a specific number of therapy pulse applied, Fig. 8 shows three individual velocity traces after 10, 30, and 290 therapy pulses. These traces correspond to vertical lines in the full velocity progressions at the specified dose points. After the 2-ms chaotic motion phase, PIV and Doppler estimates of the average velocity agree with each other well over the course of treatment with a root-meansquared (RMS) error of 0.46 ± 0.06 cm/s. These plots show a temporal expansion of the velocity profile with increased therapy dose, likely resulting from reduced elasticity as the phantom or tissue was increasingly fractionated by histotripsy pulses. The reduced tissue elasticity provides less resistance to the motion, which we hypothesize to be induced by asymmetric growth and/or collapse of cavitation bubbles. With lower resistance, the momentum is carried out longer. In addition, the temporal profile for the bubble growth also elongates in tissue with lower elasticity [33] . This combination may result in the temporal expansion of the velocity and motion observed. Eventually when the treatment tissue or phantom is completely fractionated to liquefied homogenate, the temporal expansion is saturated. For example, t PRV was 2.6, 5.4, and 10.8 ms after 10, 30, and 290 pulses, respectively. The increase in the duration of the coherent push and rebound motion reached a plateau after roughly 250 pulses because the phantom was completely liquefied.
The t PRV metric was computed for the velocity profiles obtained from the nine treatments using PIV and Doppler data to further validate the Doppler velocity measurements of the bubble-induced motion. Analysis was performed on both the raw metrics, along with a 5-point (50 pulse) moving average filtered version to compare the underlying trend in the progression of the t PRV metric. Fig. 9 shows the mean and standard deviation of the raw t PRV metric from the PIV and Doppler analysis, along with the filtered version of each for comparison. The t PRV extracted from both PIV and Doppler increased with increasing therapy dose, saturating after approximately 250 pulses. At doses beyond this saturation point, an increase in pulse-to-pulse variation within both measurements was observed. The t PRV extracted from PIV and Doppler matched well. Fig. 10 shows the correlation of the raw t PRV metric from both sources, along with the correlation of the filtered metric. The pulse-to-pulse variation reduced the correlation (R 2 = 0.81) for the raw metric; however, the underlying trend is clearly the same from the high correlation of the filtered metric (R 2 = 0.97).
B. Experiment 2-Correlate BCD with Histotripsy-Induced Fractionation in Agarose Phantom
In the agarose tissue phantom, optical images of the RBC layer and BCD velocity profiles were collected after each of the 941 therapy pulses at the center of the treated volume. The RBC phantoms showed rapid fractionation for the first 50 pulses, with slower fractionation up to 120 pulses, when the lesion became completely transparent. Example images of the RBC layer fractionation progression are shown in Fig. 11 after 10 , 15, 25, 50, 100, and 250 pulses have been applied to all points in the treatment pattern.
The BCD velocity progression is shown in Fig. 12 over the first 500 pulses of a single treatment. This velocity profile shows the velocity response expand in time for increased therapy dose, reaching a plateau after roughly 250 pulses. Additional therapy beyond this point generates no further change in the average temporal characteristics of the push and rebound motion that can be detected by color Doppler acquisitions.
Fractionation metrics were computed from the data for each of the 12 individual RBC layer treatments. From the optical images of the RBC layer, the fractionation metric of MLI was computed and is plotted over the course of therapy in Fig. 13 . This plot shows the area of the fractionation increased and the MLI metric saturated after approximately 120 pulses. At this Fig. 12 . Doppler velocity profile for the first 500 pulses during a single RBC phantom ablation. The plot shows velocity (color map) versus time after the therapy pulse (y-axis) over the course of therapy (x-axis). The estimated velocity is shown in color (red is away from the therapy transducer and blue is toward the therapy transducer) versus the delay from the therapy pulse (y-axis) and therapy dose (x-axis). point, images of the lesion show that all the RBC's in the layer had been destroyed and no further information could be obtained with this metric. From the BCD velocity data, the time to peak rebound velocity (t PRV ) metric was computed for the motion following each therapy pulse. The t PRV metric can be visualized in the full velocity progression (Fig. 12) as the time value (y-axis value) at which the highest negative velocity (darkest blue color) occurs for each value of therapy dose (x-axis value). This metric is plotted in Fig. 13 , showing t PRV rapidly increased up to approximately 120 pulses. The increase became gradual after 120 pulses with therapy dose and eventually saturated after approximately 250 pulses, indicating no further change in the bubble-induced motion following additional histotripsy therapy pulses. Both metrics were computed for all 1000 therapy pulse, but are displayed with mean and standard deviation for only every tenth pulse for the first 250 pulses for clarity.
The correlation between these metrics was then computed to determine the validity of the t PRV metric to measure the degree of fractionation of the target tissue and is shown in Fig. 14 . This analysis was confined to the first 120 pulses, since the reference metric of fractionation progress (MLI) saturated at this point, providing no additional information about the fractionation progression for additional therapy. A linear correlation was observed between the t PRV metric and the reference MLI metric (R 2 = 0.92). In the control, all tissue structures and cells appeared structurally intact. After 50 pulses, large volumes of acellular debris were observed, with some pockets of structurally intact cells and nuclei remaining. After 200 pulses, the entire lesion appeared fractionated with few remaining intact nuclei. Beyond this (>500 pulses/treatment location), the treated volume appeared completely homogenized with no recognizable tissue structures and very few fragments of nuclear material.
C. Experiment 3-Validate BCD in Ex Vivo Porcine Liver
Representative histology of the lesions produced in the ex vivo liver sections is shown in Fig. 15 . In the control regions, all tissue and cellular structures appeared normal and structurally intact. At 50 pulses/treatment location applied, fractionation was apparent in the tissue. While some pockets of cells appeared structurally intact with normal appearing cell nuclei, roughly half of the treated region appeared as homogenized acellular debris. At 200 pulses/treatment location, over 90% of tissue structures and cells were destroyed. Only a few scattered nuclei and tissue fragments remained intact. At a larger number of pulses (>500 pulses/treatment location), the treated volume appeared completely homogenized with no recognizable tissue structures or cellular components. Some white streak artifacts are visible in the tissue treated with 2000 pulses. We hypothesize these to be tissue-processing artifacts that appear in tissue treated heavily beyond complete cellular fractionation. This could result in decreased effectiveness of the fixative and higher probability for these processing artifacts. The tissues outside the lesion volume appeared structurally intact, with only minor damage pockets scattered around the area very near the edges of the treated region (<100 micron). The percentage of nuclei remaining (PNR) metric in the treated volume was plotted against the number of therapy pulses in Fig. 16 . This percentage decreased exponentially with increasing numbers of therapy pulses (R 2 = 0.97), and reached nearly zero shortly after 200 pulses per treatment location. BCD velocity profiles were collected after each of up to 2000 therapy pulses at the center of the treated volume for the 15 ex vivo liver treatments, three for each therapy dose. Fig. 17 shows the average velocity profile over the three 2000 pulse treatment. The BCD profiles in the ex vivo porcine liver were similar to the agarose phantom, with a brief period of chaotic motion followed by coherent push and rebound motions. These coherent motions also expanded in time with increased therapy dose up to 800 pulses, likely due to increasing fractionation leading to complete tissue liquefaction at 800 pulses. After that point, the push duration stayed roughly constant or decreased slightly with increasing number of therapy pulses.
The t PRV metric was computed from the color Doppler data collected during the 2000 pulse ex vivo liver treatments. This metric is plotted in Fig. 18 , showing a rapid increase in the t PRV metric for the first 200 pulses, corresponding to the rapid fractionation of 90% of the treated region that was observed histologically at this time point. The t PRV metric continued to slowly increase from 200 to 800 pulses, indicating continued fractionation of the tissue fragments. After approximately 800 pulses, no consistent change in the bubble-induced motion following additional histotripsy therapy pulses was observed. The metric was computed for all 2000 therapy pulse, but is displayed with mean and standard deviation for only every tenth pulse for the first 200 pulses [ Fig. 18(a) ], and every 40th pulse for the first 1200 pulses [ Fig. 18(b) ] for clarity. From 1200 to 2000 pulses, t PRV has a flat trend similar to that shown from 800 to 1200 pulses.
The correlation between the t PRV metric and the PNR metric was then computed to determine the validity of the t PRV metric to measure the degree of fractionation in tissue and is shown in Fig. 19 . This analysis was confined to the first 500 pulses, since the reference metric of fractionation progress (PNR) saturated at this point, providing no additional information about the fractionation progression for additional therapy.
The V t_delay metric was computed from the BCD data collected during the 2000 pulse ex vivo liver treatments using a 14.3-ms delay from the beginning of each therapy pulse. This metric can be visualized in the full velocity progression (Fig. 12) as the velocity value (color axis) for each value of therapy dose (x-axis) at a fixed time delay of 14.3 ms (y-axis). The pulse-to-pulse variation in the BCD velocity measurement leads to increased noise in this measurement; for this reason, a 10-point rolling average filter was applied to each individual V t_delay versus dose trace before comparison. This metric is plotted in Fig. 20(a) for the first 500 pulses with mean and standard deviation for every 25th pulse for clarity. This delay allowed V t_delay to behave similarly with the t PRV metric, capturing the rapid increase in the observed velocity for the first 200 pulses, with a slower increase beyond 200 pulses. The correlation between the V t_delay metric and the PNR metric was then computed to determine the validity of the metric to measure the degree of fractionation in tissue and is shown in Fig. 20(b) . This analysis was also confined to the first 500 pulses, due to the saturation of the reference metric of fractionation progress (PNR) at this point. A linear correlation was observed between the t PRV metric and the reference PNR metric (R 2 = 0.95).
IV. DISCUSSION
The imaging feedback method proposed in this paper relies on bubble-induced translational motion of the residual cavitation nuclei after each histotripsy pulse long after the cavitation collapse at the therapy focus along the axis of propagation. The source of this motion is not fully understood at this time, but the experiments presented here demonstrate that the phenomenon is consistent and reproducible. Several potential mechanisms have been identified, and are currently being investigated. Based on our recent unpublished data, we hypothesize that the mechanism behind BCD is asymmetric expansion of the bubbles during the formation of the bubble cloud or asymmetric collapse of the bubble clouds. Our recent high-speed images show that as the individual bubbles form, they grow more along the direction of propagation away from the therapy transducer, generating a net force on the medium away from the transducer. The cumulative effect of many bubbles growing along the ultrasound propagation direction at a very fast rate (up to 100 m/s) could generate the coherent "push" motion with sufficient inertia to generate the oscillatory motion lasting tens of milliseconds as observed in this study. Another potential mechanism is the violent collapse of the histotripsy bubble cloud that could generate the observed motion. Certainly the cloud collapse generates much of the chaotic motion in the focal region that hides the coherent push motion in the first few milliseconds after the histotripsy pulse observed in this study, but it could also generate consistent pushes of the focal region, should the transducer geometry produce bubble clouds that consistently collapse asymmetrically away from the therapy transducer. Acoustic radiation force is also a tempting choice for the mechanism behind the type of push-rebound motions observed in this study; however, the extremely short pulses (<2 cycles) are not sufficient to generate the observed motion simply through absorption alone. Moreover, preliminary experiments show no measurable focal velocity (below 0.7 cm/s) at slightly subcavitation threshold pulses (~28.7 MPa peak negative pressure). Some combination of these mechanisms is possible, and a comprehensive study is in progress based on these preliminary results to fully elucidate the primary mechanism behind this observed motion.
An important consideration for any real-time feedback on histotripsy fractionation progression is how rapidly these metrics can be computed. The primary metric presented in this work t PRV has significant acquisition and computational requirements. The major computational element is the processing of the 190 color Doppler acquisition sets to form the full 20-ms velocity profile at the 0.1-ms time resolution used in this work. A real-time method using these exact techniques would achieve frame rates around 0.25 Hz, though optimization and parallelization could potentially improve this by a factor of 10. Therapy monitoring at this rate would be most useful for volume ablations similar to the 6-mm cube treatment presented in this work, where the treatment progression can be monitored for a single location with the remainder of the lesion treated during processing. Once the monitored location has been sufficiently fractionated, additional probing pulses with BCD feedback could be directed to other points in the treated volume to verify complete treatment over the full lesion. However, it may be necessary in certain applications to gather feedback more rapidly, and for this reason the V t_delay metric was tested. The V t_delay metric is essentially a spatial velocity average taken from a standard color Doppler imaging sequence. This metric is currently achievable in real time at an average rate of 30 Hz on the Verasonics imaging system used in this study. The only requirements are that the color Doppler acquisitions be synchronized and delayed from the therapy pulses by a predetermined amount, and that ultrasound imaging system provides access to the color Doppler data for spatial averaging. The required delay would be determined from preliminary tissue studies, similar to those presented here, in the target tissue to identify an appropriate delay that generates a metric sensitive to the desired therapeutic endpoint. Other metrics, extensions of these metrics, or detectors based on these metrics are also possible from BCD feedback including push or rebound duration metrics, fixed delay peak velocity or zero-crossing detection, and focal mean velocity saturation detection.
Other methods for quantitative histotripsy therapy feedback have been developed previously, including ultrasound backscatter reduction [10] , [11] , ultrasound shear-wave elastography [23] , and peak-to-peak displacement of the shear displacement profile (ARFI) [34] . Though the results cannot be directly compared due to the use of a different transducer and therapy pulsing parameters, we are encouraged by the sensitivity of the elasticity metric for detecting histotripsy therapy progress at low-therapy doses presented in [23] . We believe that changes in the tissue mechanical properties, especially elasticity, at the focus in response to histotripsy fractionation are the primary cause of the changes in the bubble-induced velocity profile captured by the metrics presented in this work. As a result, these methods produce feedback with similar high sensitivity to histotripsy fractionation damage as shear-wave elastography, with the advantage of real-time acquisition during therapy application. This suggests a potential useful advantage of BCD feedback over previous techniques, as each treated point in a lesion can be monitored during treatment and the therapy stopped when fractionation completion is detected.
Although the methods presented here were only tested in ex vivo liver tissue, the principle is likely applicable in other tissues that soften as they are increasingly fractionated by histotripsy pulses. Based on our experience, most soft tissues follow this trend and become increasingly soft until liquefied when treated by histotripsy, including liver [7] , [10] , prostate [4] , heart [8] , and thrombus [5] . Although the different tissues begin therapy, and likely end therapy, with varying mechanical properties, it is expected that this softening will result in a temporally expanding velocity profile similar to that observed in liver in this work. Furthermore, we anticipate that metrics extracted from BCD resulting from histotripsy therapy will change as the tissue is increasingly fractionated and eventually saturate when the tissue is completely homogenized. The saturation can provide an indication of complete tissue fractionation, regardless of tissue types, based on our other preliminary results. An important consideration for in vivo treatment of the more mobile organs, however, is the potential for clutter in the Doppler velocity measurements from background tissue motion. However, this motion is also a concern for therapy targeting accuracy, and any solution to avoid treating during tissue motion will ensure a stationary tissue during BCD acquisition. Therefore, these metrics, or similar metrics from BCD, are potential real-time feedback during any histotripsy therapy application.
V. CONCLUSION
This study shows that histotripsy pulses generate a consistent bubble-induced motion at the therapy focus. Characteristics of bubble-induced motion can be accurately estimated using standard color Doppler acquisitions as verified by direct comparison with simultaneous optical PIV measurements of the motion in an acoustically and optically transparent agarose gel phantom. The temporal velocity profile of BCD expands and eventually saturates as the tissue is fractionated by histotripsy. This change can be quantified by metrics extracted from BCD acquired during continuous therapy. These metrics are closely correlated to the degree of tissue fractionation in phantoms and ex vivo tissues, providing a potentially useful real-time quantitative feedback on the fractionation progression. Further analysis, targeting a specific tissue and therapeutic endpoint, could refine these methods into a valuable feedback metric for a specific clinical application.
